M
éxico is the center of origin and diversity of numerous cultivated plants that have acquired considerable importance on a global scale, including maize (Zea mays L.), beans (Phaseolus vulgaris L.), and squash (Cucurbita spp.). Twelve percent of the total world biodiversity is located in México, to which 12% of the genera and 50 to 60% of plant species are endemic (CONA-BIO, 2006) . Similarly, most of the diversity of the wild relatives of maize, collectively known as teosinte (Zea spp.) , is in México.
Maize domestication occurred in México approximately 10,000 yr ago from the tropical annual teosinte Zea mays subsp. parviglumis H. H. Iltis & Doebley (Matsuoka et al., 2002; Doebley, 2004) . Teosinte species are represented by annual and perennial diploid species 
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ABSTRACT
Seed dormancy in wild Zea species may affect fi tness and relate to ecological adaptation. The primary objective of this study was to characterize the variation in seed germination of the wild species of the genus Zea that currently grow in México and to relate this variation to their ecological zones of adaptation. In addition, we compared methods to break dormancy and measured the germination responses of seeds to environment factors that are related to seasonal changes. Teosinte populations representing all the taxonomic and racial groups known in México were collected during the period 2003 to 2008 in twelve states of México. Seed dormancy was classifi ed according to the rate of its loss (depth of dormancy). Results indicated that more than 90% of populations studied had some degree of seed dormancy. Nondormant populations are distributed predominantly in semicold areas, while deep and very deep seed dormancy was found in populations distributed in hot and very hot environments in well defi ned geographic regions of the Balsas River Basin and in San Felipe Usila, Oaxaca. Mechanical seed scarifi cation was the best method to break dormancy.
has been divided into subspecies: Zea mays subsp. (Sánchez et al., 1998; Iltis and Benz, 2000) . Teosinte plants are so similar to maize in outward appearance (stalk, leaves, and terminal tassel) that the casual observer might mistake them for corn (Wilkes, 2004) . Teosinte nevertheless exhibits several characteristic diff erences in adult morphological traits, most importantly the architecture of their female infl orescences, the structure of their caryopses, and the presence in teosinte of lateral branches. Teosinte ears bear only about 10 kernels, enclosed in rough cellulose-lignin structures known as fruitcases; in contrast, maize ears can bear 500 or more uncovered kernels attached to the central axis of the ear. At maturity, the teosinte ear disarticulates such that the individual fruitcases become the dispersal units. Protected within its casing, the teosinte kernel can survive the digestive tracts of birds and grazing mammals, enabling the seed to be easily dispersed (Wilkes, 1997) . Moreover, teosinte kernels vary considerably in size, shape, colors, longevity, and levels of dormancy.
Seed dormancy is regarded as the failure of an intact viable seed to complete germination under favorable conditions (Bewley, 1997) , regulated by an inhibitor-promoter balance (Finch-Savage et al., 2007) . Dormancy plays a major role in the ecological adaptation of wild plant species. It is common in wild plants, in which it may ensure the ability of a species to survive natural catastrophes, decrease competition between individuals of the same species, or prevent germination out of season (Finkelstein et al., 2008) . Seed dormancy is determined by both genetics and the environment and is conferred by morphological and physiological factors including seed coats, substances contained in seed that protect and covering (fl avonoids, mucilage, and lipid polyester derivatives), and plant hormones balance (abscisic acid and gibberellins) (North et al., 2010) .
Numerous studies on teosinte diversity focused on variation of morphological traits and biochemical and DNA markers (Doebley et al., 1984; Sánchez et al., 1998; Matsuoka et al., 2002; Doebley, 2004; Rodríguez et al., 2006; Dermastia et al., 2009; Flint-Garcia et al., 2009) . In contrast, the ecological and physiological factors related to geographic distribution and adaptation of teosinte populations have not been well characterized. Seed dormancy in teosinte has not been thoroughly investigated; the few publications trace back to the Teosinte Mutation Hunt in the Balsas River Basin lead by G.W. Beadle during 1971 and 1972 (Flannery, 1973 Wilkes, 1977) . A second study was reported by Mondrus (1981) for Zea perennis. Consequently, little is known about the presence and intensity of seed dormancy in teosinte in its natural range of distribution. Further, to date, comparisons of techniques to overcome dormancy and promote germination of teosinte seeds have not been published. Our limited understandings of the variation in dormancy in teosinte and of methods to break seed dormancy hinder the use of teosinte in conservation studies and plant breeding eff orts. Thus, a more comprehensive survey of the genus Zea would allow a better understanding of adaptive germination patterns, local adaptations, and risk of extinction of teosinte populations. Therefore, the objectives of this research were to (i) characterize the variation in seed germination, viability, and rate of dormancy loss of the wild species of the genus Zea that currently grow in México, (ii) determine an eff ective method to break dormancy in teosinte seeds, and (iii) identify environmental factors that infl uence teosinte seed dormancy.
MATERIALS AND METHODS

Plant Materials
Teosinte seeds were collected directly from natural populations during October to December of years 2003 to 2008. A total of 304 seed samples were collected in twelve states (Chihuahua, Colima, Guanajuato, Jalisco, Guerrero, Oaxaca, México, Morelos, Puebla, Tlaxcala, Michoacán, and Nayarit). These samples represent all the racial groups known in México (Zea mays subsp. mexicana, races Chalco, Central Plateau, and Nobogame; Zea mays subsp. parviglumis, race Balsas; Zea diploperennis; Zea perennis; and Zea luxurians). Races and species were determined according to Wilkes (2004) and Doebley and Iltis (1980) ; the numbers of samples per race included Balsas (212), Chalco (39), Central Plateau (40), Nobogame (3), Zea perennis (3), Zea diploperennis (5), and Zea luxurians (2). Mature seeds from no less than 100 plants of each population were harvested and pooled as a single sample. Impurities were removed and seeds were dried at 25°C at least 30 d and stored in paper bags at room temperature (18-22°C and relative humidity 35-40%) until use. Seeds used for germination and viability tests were selected using a pneumatic separator to eliminate empty seeds.
Germination Assay
Seed germination and rate of dormancy loss were studied for each of the 304 samples at 2-mo intervals from 15 January (4 to 8 wk after the fi eld collections) to 15 November. The standard germination percentage was analyzed using 60 seeds per sample, distributed into three replicates of 20 seeds each one. Seeds were placed in double-layer towels of paper, saturated with 60 mL of sterile deionized water, and incubated in the dark at 25°C (ISTA, 1996) in a germination chamber for 15 d, after which the number of germinated seeds in each sample was recorded. Germination tests for each date were conducted as a randomized complete block design (germination chambers were considered blocks) with three replicates of each population. The period of incubation time was chosen from previous assays of wild and weedy teosinte populations To determine seed viability of each seed lot at the beginning and at the end of the germination tests, date and other fi xed factors included in the model. Random model terms included replication within date of germination test, teosinte population (nested within race or region if those terms were also in the model), and the interactions between testing date and teosinte population. Heterogeneous residual variances were modeled for each testing date. Altitudes of each population were standardized before computing linear and quadratic covariates, but results are reported in original units.
Next, a model including both taxonomic group and geographic region simultaneously was tested (model 4). Geographic region was fi t as a nested eff ect within taxonomic group because each taxonomic group was associated with a nonoverlapping subset of regions. Region within group had to be fi t as a random eff ect to obtain estimable group eff ects. Model 4 was used to test the null hypothesis that regions within taxonomic groups had no signifi cant eff ect on germination.
Finally, linear and quadratic altitude covariates were tested in combination with geographic regions (model 5). This model was used to test the null hypothesis that geographic regions had no signifi cant eff ects after accounting for altitude (and vice versa). We did not include taxonomic group in this model because geographic region fi t in the absence of taxonomic group incorporates the eff ects of diff erences among taxonomic groups.
The matrix of mean percent germination for each collection at each of the six testing dates was subjected to principal component (PC) analysis by using the PRINCOMP procedures of the Statistical Analysis System (SAS Institute, 1999).
Breaking Dormancy Treatments
Three months after harvesting, seeds of seven teosinte populations (fi ve classifi ed previously as having very deep dormancy, one with moderate dormancy, and one with weak dormancy) were subjected to the following treatments: (i) mechanical removal of seed-covering tissues using diagonal cutter pliers, (ii) 24 h of soaking in 10 atmospheres polyethylene glycol (PEG-8000; Parchem Fine & Specialty Chemical. New Rochelle, NY) Baskin 2004, Marín et al., 2007) , (iii) 24 h of soaking in 1000 mg L -1 gibberellic acid (GA 3 ; Bayer de México. México City. México) (Copeland and McDonald, 2001) , (iv) 24 h of soaking in 2% potassium nitrate (KNO 3 ; Sigma-Aldrich Química S. A., Toluca, México) (ISTA, 1996) , (v) 24 h of soaking in 2% sodium hydroxide (NaOH; Sigma) (ISTA, 1996 , Caseiro et al., 2004 , (vi) 24 h of soaking in 11% hydrogen peroxide (H 2 O 2 ; Hysel de México. S.A. de C.V., México City, México), and (vii) 24 h of soaking in 20% H 2 O 2 (Taba et al., 2004) . For all cases three replications of 20 seeds each were tested independently.
RESULTS AND DISCUSSION
Date of germination test had a signifi cant (p < 0.001) and large eff ect on germination percentage in all models tested (Table 1) . Mean germination percentage increased from 19.1% at the fi rst germination test date to 62.7% at the third date and then reached a plateau between 76 and 79% at the last three dates (Table 2) . When taxonomic group, geographic region, or altitude was tested alone (models 1-3 in Table 1 ), each was associated with signifi cant eff ects on germination percentage. Taxonomic group and geographic region within taxonomic group two replicates of 20 seeds per sample were tested for viability using the tetrazolium chloride (TZ) staining technique (ISTA, 2007) . Samples were manually scarifi ed to remove the seed-covering tissues. After removing off the hard glumes, seeds were bisected longitudinally with diagonal pliers to expose the main structures of the embryo. Half of each caryopsis was placed in a 20-mL petri dish and stained with TZ solution (1 g kg -1
) for 4 h at 25°C. Following staining, the embryo was examined under stereo microscope. A seed is considered viable when the embryo structures turn a strong red color during the test.
Strength of Seed Dormancy
Strength of seed dormancy for each sample was determined by the length of time from harvest until the seeds achieved a nondormant state (>80% percent germination). Based on the percentage of germination (PG) six levels were defi ned: 
Environmental Data
The National Environmental Information System (NEIS) of the Instituto Nacional de Investigaciones Forestales Agrícolas y Pecuarias (Ruiz et al., 2003) was used to characterize the environmental conditions of the collecting sites. The NEIS is composed of 180 m-resolution raster images and is compiled in the IDRISI system (Eastman, 2006) . Climatic information is based on normal statistics calculated from 1961 to 2003 data series.
Statistical Analysis
To determine the eff ects of factors related to the collections on seed germination rates, mixed models analyses were conducted using ASREML version 2.0 (Gilmour et al., 2005) . The eff ects of three factors on seed dormancy were tested: (i) the taxonomic grouping of the collections, with seven levels representing three species (Zea diploperennis, Zea perennis, and Zea luxurians) and four races, one of Zea mays subsp. parviglumis (Balsas) and three of Zea mays subsp. mexicana, (Chalco, Nobogame, and Central Plateau), (ii) the geographical regions of the collections, with 24 levels representing the geographical distribution of the teosinte collections in México, and (iii) the altitude (as linear and quadratic covariates) from which the populations were collected. Three models were fi tted fi rst, each separately testing one of the three factors listed above. Each model included fi xed eff ect sources of variation due to date of germination test, one or more of the three factors listed above, and the interactions of testing ever, was not signifi cant when fi tted simultaneously with geographic region. The fi rst PC from the analysis of the original germination percentage data from each of six testing dates accounted for 57%, the second PC for 26%, and the third PC for 8% of the total variation in germination patterns (Fig. 1) . The fi rst PC clearly separates populations with deep and very deep dormancy from the remaining populations whereas the second PC primarily separates nondormant populations and populations with a weak level of seed dormancy; the principal component analysis did not clearly separate populations classifi ed as having moderate and strong dormancy.
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Mean germination across tests (from January to November) was considerably lower in the wild-type teosintes growing in the River Balsas Basin, although several of the weedy populations of race Central Plateau also exhibited moderate dormancy (Table 3) . Compared with subsp. parviglumis and Zea luxurians, subsp. mexicana and the perennials Zea perennis and Zea diploperennis had greater germination percentages at all tests dates and less variability within regions. Most nondormant and weakly dormant genotypes were identifi ed in these teosintes. Viability mean across samples, based on the tetrazolium test, was 99% for the fi rst test after harvesting ( January) and 97% at the end of the study (December).
Despite the signifi cant interracial variability for germination that was observed, deep and very deep dormancy were found in teosintes from well defi ned geographic regions of the River Balsas Basin and in San Felipe Usila, Oaxaca. In the Mazatlán region of southern Guerrero, a two-cycle cropping rotation (maize and pasture grazing and maize) is common. Increased seed dormancy would provide a selective advantage to teosinte of this area, by circumventing the predation of the plant by grazing animals and helping to maintain the teosinte life cycle in phase with the alternate year planting of maize. This adaptation appears to have been an evolutionary change in recent historic times; the town of Mazatlán was founded in 1910-1911 and the present land management is Figure 1 . Teosinte collections plotted by their scores on the fi rst two principal components from the analysis of seed germination at each of six dates. Samples were categorized into six groups based on the time required to achieve 80% or greater germination percentage: no dormancy (red circle), weak dormancy (yellow square), moderate dormancy (green triangle), strong dormancy (orange square), deep dormancy (cardinal circle), and very deep dormancy (blue rhombus).
thought by the oldest men in the town to have begun in the 1920s (Wilkes, 1977) . In contrast, seeds of some nondormant populations of the Chalco race found in the region around México City seem to enter a state of late dormancy about a year after harvesting (Table 2 ). This response seems to be associated with low temperatures during autumn and winter seasons. A possible adaptive explanation for this pattern is the avoidance of freezing temperatures.
Based on the data presented here, deep dormancy is complete in several regions in México. In addition, late dormancy expressed during the winter time seems to be important in the highlands of central México (Table 3) .
With the exception of few populations, the rate of seed dormancy loss in laboratory conditions increases during May and germination is almost complete by July (Table 2 ). In such cases, dormancy generally is eliminated after a period of time of conditions favorable for plant establishment or as a consequence of a storage period (Baskin and Baskin, 2004; Finkelstein et al., 2008; Fenner and Thompson, 2005) . The mechanisms underlying dormancy breaking by after-ripening remain elusive but have been correlated with changes in gene expression, enzyme activity, and hormone accumulation, suggesting that biological processes such as transcription and translation occur in dry seeds (Finch-Savage et al., 2007; North et al., 2010) . Results obtained in this research suggest that teosinte populations vary for genetic potential for dormancy.
Since a clear relationship was observed between germination percentage and seed collection sites altitude (Fig. 2) , teosinte seed dormancy could be connected to temperature or relative humidity conditions. The presence as well as the duration of dormancy increase in lower altitudes, representing hotter and generally drier (lower relative humidity) environments. Furthermore, a general correspondence between the intensity of dormancy and thermal zones of México was observed, wherein greater dormancy is associated with hotter environments (Fig. 3 and 4) . Nondormant populations are distributed predominantly in semicold areas (with a mean annual temperature between 5 and 12°C (García, 2004) , with a summer to autumn season generally not imposing heat or cold stress to plants. Weak dormancy is mostly located in temperate areas characterized by a mean annual temperature between 12 and 18°C (Medina et al., 1998) , representing a growing season with mild temperatures; some 1 is 80 to 800, 2 is >800 to <1300; 3 is 1300 to <1800, and 4 is >1800. populations from this class are also present in semicold zones.
In general, dormancy intensifi ed as temperature and rainfall increase (Table 4) . Moderate dormancy was found under temperate to semihot conditions (Fig. 4) ranging from 12 to 22°C of annual mean temperature (García, 2004) and with a relatively hot growing season. Moreover, strong dormancy (Fig. 4) is mostly distributed under semihot to hot environments (18 to 26°C), which correspond to subtropical and tropical conditions with a hot growing season (Ruiz et al., 2003) . Deep and very deep seed dormancy were found in populations distributed in hot (22 to 26°C) and very hot environments (26 to 30°C). Deep seed dormancy likely has adaptive value under hot environments by helping to maintain seed viability under varying environmental conditions and to inhibit germination under unfavorable environmental conditions during the dry summer months (Bradford, 2002) . These seeds tend to remain dormant until some factor(s) render the covering layer(s) permeable to water; in nature, these factors include high temperatures, widely fl uctuating temperatures, fi re, drying, freezing and thawing, and passage through the digestive tracts of animals (Baskin and Baskin, (Baskin and Baskin, 2004) . A complete understanding of the potential adaptive signifi cance of deep dormancy is not currently possible due to the lack of information on dormancy elimination mechanisms. Goggin et al. (2008) reported that conditions that promote the elimination of dormancy may be diff erent than those required for seed germination. Fenner and Thompson (2005) indicated that dormancy is more than germination absence, since it establishes restrictions for the seed metabolism reactivation even under optimum conditions. The coating tissues have been hypothesized to serve as a physical barrier to germination of dormant seeds of teosinte as they may contain germination inhibitors. Exposure to pure oxygen or an oxidizing agent such as 20% hydrogen peroxide (H 2 O 2 ) and gibberellic acid have been suggested as treatments to break dormancy in teosinte (Wilkes, 1977; Mondrus, 1981; Taba et al., 2004) ; however, none of the chemical treatments used here was eff ective at breaking dormancy (Table 5) . It was interesting that without the removal of the rachis tissue and the lemma and palea chaff , the seeds of several populations of the River Balsas Basin and San Felipe Usila (Table 3) did not germinate at an appreciable rate until 8 to 20 mo of dormancy had past. Mechanical scarifi cation was the most eff ective in breaking dormancy in all teosinte taxa ( Table 5 ), implying that germination inhibitors located in the seed-coating tissues were removed. Inhibitors of germination in coating tissues in several plant species include phenol compounds that create impermeability to water or gases, reducing the oxygen availability and thus impeding the embryo respiration (Copeland and McDonald, 2001) . Germination may also be inhibited by physical dormancy, caused by one or more water-impermeable layers of palisade cells in the seed or fruit coat.
CONCLUSIONS
Seed dormancy is present in more than 90% of Mexican teosinte populations. Dormancy intensity varies widely among the diff erent types of teosinte. Deep and very deep dormancy was found in subsp. parviglumis (located in well defi ned geographic regions of the River Balsas Basin) and Zea luxurians from San Felipe Usila, Oaxaca. Nondormant and weakly dormant populations are distributed in the highlands of México in subsp. mexicana, Zea perennis, and Zea diploperennis. Nondormant populations are distributed predominantly in semicold areas, while deep and very deep seed dormancy was found in populations distributed in hot and very hot environments.
Seed-covering tissues are the most important barriers to germination. Without removal of the rachis tissue and the lemma and palea chaff , for several populations of the River Balsas Basin and San Felipe Usila, Oaxaca, the seed will germinate only after 8 to 20 mo of dormancy. The best method of breaking teosinte seed dormancy is by mechanical scarifi cation, suggesting that germination inhibitors are contained in the seed-covering tissues. However, it is unknown if germination inhibitors in teosinte are part of the seed-covering tissues or they are partly released from the endosperm or embryo. 
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